ABSTRACT Movement of male Dermacentor andersoni (Stiles) was examined among 54 pairs of artiÞcially infested donor and recipient cattle during a 3-yr period. The number of males declined at a rate independent of the initial level of infestation, while the rate of decline of females on the donor animals tended to increase with initial infestation level. Male tick movement to recipient cattle was observed in 26 of 54 (48%) of the animal pairs, but varied among years and trials. Movement tended to be greater during April compared with May and June. The daily probability of movement averaged (SD) 0.067 (0.082), and the number of males moving per day averaged (SD) 0.083 (0.228). Logistic and Poisson regression models were developed and indicated that movement was determined by interactions between the number of males on the donor animals, differences in the number of females on the donor and recipient cattle, temperature, and female age. These models can be used to incorporate movement into tick population models.
Rocky Mountain wood tick, Dermacentor andersoni (Stiles), is widely distributed throughout the western United States and Canada. This tick is the principal vector of the causative agent of bovine anaplasmosis, Anaplasma marginale (Theiler), in the northwestern states including Montana, Wyoming, Idaho, Oregon, and Washington (Peterson et al. 1977) . Ticks found in the adjacent Canadian provinces of British Columbia and Alberta are competent vectors of A. marginale (Scoles et al. 2006) ; however, natural outbreaks of the disease have never been recorded in these two provinces. Natural outbreaks associated with D. andersoni occurred in southern Saskatchewan in 1983 (ScholÞeld and Saunders 1987) and again in 2008 (Howden et al. 2010) . Outbreaks in Manitoba during 2008 Ð2010 were likely transmitted by Dermacentor variabilis (Say). In the acute phase, bovine anaplasmosis causes severe anemia, reduced weight gains, and sometimes death (Zaugg 1990) . Surviving animals are persistently infected and serve as reservoirs for the pathogen. Because of this, anaplasmosis remains as a barrier to the movement of cattle from the United States into Canada. A key question is whether or not the reduced incidence of anaplasmosis in western Canada is because of import regulations intended to prohibit entry of the pathogen, or to some other factor that inhibits transmission by the competent vectors present.
Ticks are capable of transmitting pathogens through a variety of routes including transovarially (parent to offspring), transstadially (larvae to nymph, nymph to adult), and intrastadially by the same tick switching from one host to the next. A. marginale can be transmitted transstadially and also intrastadially by males (Kocan et al. 1992a ). Transstadial transmission is unlikely because immature stages feed on small mammals that are not hosts to A. marginale (Rozeboom et al. 1940) and therefore have no means to acquire the pathogen. There have been numerous demonstrations that male D. andersoni can intrastadially transmit A. marginale (Sanborn et al. 1938; Rozeboom et al. 1940; Zaugg et al. 1986; Kocan et al. 1992a,b; Scoles et al. 2005 Scoles et al. , 2006 Scoles et al. , 2008 . The importance of intrastadial transmission is being increasingly recognized in this (Stiller and Coan 1995) and other tickÐpathogenÐ host systems (Bremer et al. 2005 , Little et al. 2007 , Ueti et al. 2008 . Transmission of A. marginale by a single male tick has been recorded on several occasions (Rozeboom et al. 1940 .
Intrastadial transmission requires that attached ticks change hosts (Little et al. 2007 ) under natural or seminatural conditions. Rhipicephalus (Boophilus) microplus (Canestrini) moved from two donor to a total of seven recipient cattle as larvae and adults (Mason and Norval 1981) . Stiller et al. (1989) demonstrated that D. andersoni males moved from three donor to Þve recipient cattle under seminatural conditions. Rhipicephalus sanguineus (Latreille) showed considerable movement among dogs in two trials consisting of four dogs each (Little et al. 2007 ). Although tick move-ment was recorded in each of these studies, the numbers of hosts used and the number of independent trials were relatively small and do not allow estimating the frequency of movement or elucidating factors that might affect movement. The purpose of the current study was to measure the frequency of movement by male D. andersoni from donor to recipient cattle under variable environmental conditions. Results were used to develop logistic and Poisson regression models of male tick movement among hosts.
Materials and Methods
Male movement was measured using pairs of donor and recipient cattle. Trials were conducted each April, May, and June over a 3-yr period. Cattle used were predominantly white Holstein heifer calves ranging in weight from 100 to 300 kg. Holsteins were used, as they are readily available, and the white color allows easier detection of ticks. Cattle were randomly assigned to pairs and to donor or recipient status. Each pair was housed separately throughout the trial in tick-free 12 by 12-m pens. The pens had cement ßoors and were cleaned regularly. The lot was located on the grounds of Lethbridge research Centre in an area unsuitable for wild D. andersoni. Donor animals were infested with doses of either 75 (high dose), 50 (medium dose), or 25 (low dose) male and female ticks, and recipient animals were infested with 25 females to act as a pheromone source. Two pairs of animals per dose were used in each monthly trial, for a total of six pairs of animals per trial. Overall, 54 pairs of donor and recipient cattle were used, and no cattle were used twice.
Ticks used were the Þrst-generation progeny of montane ticks collected the previous summer. Montane ticks were used, as they have a tendency to feed on the upper back of the animal and would therefore be easier to detect (Wilkinson and Lawson 1965) . Ticks were reared using methods described previously (Lysyk 2008) . Cattle were initially infested by placing ticks within stockinette sleeves glued to the animalsÕ backs (Lysyk 2008) . Ticks and sleeves were left in place until the majority of the ticks had attached. This generally required 4 Ð 6 d, but occasionally up to 11 d if the trial occurred during cold weather. Once the majority of the males were attached, the sleeves were removed, any unattached ticks removed and counted and the remainder on the back counted. Cattle were then examined at 2Ð3-d intervals, and the number of male and female ticks on each animal counted. Cattle were attached to a post using a halter and thoroughly examined over the entire body. Female ticks that appeared close to full engorgement were removed and counted to avoid contaminating the environment. Males that were detected on recipient cattle were assumed to have moved from the donor cattle at the beginning of the interval.
Changes in Predictor Variables. Ambient Temperature. Mean hourly temperatures were obtained from a weather station located within 0.75 km of the study site. Mean temperatures were calculated for each trial, as well as for each interval within a trial.
Female Aging. Mean hourly temperatures were also used to calculate a standardized age scale for engorgement, as time to engorgement can be affected by hourly temperature (Lysyk 2008) . Cumulative normalized time at the beginning of each sample interval was calculated for each trial using hourly temperatures and the equation Age ϭ ⌺ h rϫ⌬t where h ϭ hour, ⌬t ϭ 1/24, and r is the daily rate of development. The latter was calculated using the rate equation r ϭ 1/(exp(3.0732 Ϫ 0.0535 ϩ 0.0008 2 ) where ϭ hourly ambient air temperature (Lysyk 2008) . The expected cumulative engorgement at the beginning of each interval and trial was calculated using a weibull distribution such that
) where A i ϭ cumulative normalized age at the beginning of the i th interval (Lysyk 2008 ). The expected proportion engorgement (P i ) was calculated for each trial and interval as F(
Calculated values of r were adjusted as r' ϭ r/x to account for solar insolation, as the original equation was derived using cattle held indoors at constant temperatures. The value of the adjustment factor x was determined empirically by measuring how well the model Þt the observed data when values of x were varied from 0.75 to 1.00 by 0.01. For each value of x, the expected number of engorged ticks, E i , was calculated for each interval and trial by multiplying the total number of engorged ticks removed during each trial by P i . The sum of (O i Ϫ E i ) 2 was calculated where O i ϭ the observed number of ticks that engorged during an interval. This was repeated for all values of x, and the value that produced the lowest sum was selected as the adjustment factor.
Tick Numbers. The total number of males (males on donor ϩ males on recipient), number of females on donors, and the number of females on the recipients at the beginning of each interval were transformed to ln(y ϩ1). A fourth variable, the female differential, was calculated as ⌬F ϭ ln(RFϩ1) Ϫ ln(DFϩ1) where RF ϭ the number of females on the recipient cattle and DF ϭ the number of females on the donor cattle. The variable ⌬F was used as an index of the difference between female numbers on recipient animals compared with donor animals. A value of ⌬F Ͼ 1 indicated that the number of females on the recipient animals exceeded the number on the donor animals while ⌬F Ͻ 1 indicated the number of females on the donor animals was greater than on the recipients. Linear regression (Proc Mixed, SAS Institute 2010) was used to estimate the relationship between numbers alive and time and also to determine whether changes in each variable over time were consistent among doses. The day the bag was removed was designated as day 0, and time of each sample calculated as days since bag removal. The model used was ln(y ϩ 1)
where T ϭ days since bag removal, X L is a dummy variable that has the value 1 for low-dose animals, 0 otherwise, X M has the value 1 for mediumdose animals, 0 otherwise. An autoregressive error structure was assumed for each animal pair. The parameters ␤ 0 and ␤ 1 are estimates of the intercept and slope for high-dose animals. The intercept and slope for low-dose animals were estimated as (␤ 0 ϩ ␤ 0L ) and (␤ 1 ϩ ␤ 1L ) and as (␤ 0 ϩ ␤ 0M ) and (␤ 1 ϩ ␤ 1M ) for medium-dose animals. The estimates of ␤ 0L and ␤ 0M are position parameters and indicate the reduction in the intercept or starting point for the low and medium doses respectively relative to the high dose. These were included in the decay models for donor males, donor females, and ⌬F, as dose varied among the donor animals, but were not included for recipient females, as the dose was constant for recipient animals. Models were tested for common intercepts and slopes. A reduced model was Þt if a common slope was justiÞed. The daily loss rate for males, females on donor animals, and recipient females was calculated as 1
where variables and parameters were as deÞned earlier.
Frequency of Movement. Initial analysis examined movement among the animal pairs and the number of days in which movement was detected.
2 tests were used to determine whether the number of animal pairs with movement and the number of sampling days when movement was detected varied among doses, trials, and years.
Factors Affecting Movement. Both logistic regression and Poisson regression (Atkins and Gallop 2007) were used to quantify movement in relation to numbers of male ticks on the donor animals (DM) at the beginning of each sample interval, the female differential (⌬F), temperature during the sample interval, female age at the beginning of the sample interval, and all possible two-way interactions. Poisson regression was used to model the number of males that moved in each animal pair, N i , during an interval. Logistic regression was used to model the probability of movement for an animal pair during an interval using the variable Y i that was assigned the value 0 if N i ϭ 0 and 1 if N i Ն 1. The Logistic and Poisson models (Proc Genmod, SAS Institute 2010) were developed in a similar fashion using an autoregressive error structure for each animal pair to account for temporal autocorrelation and ln(sample interval length) as an offset variable to adjust for the sample interval length (Woodward 1999) . Predictor variables were selected in a sequential fashion. All one-variable models were estimated and the variable with the greatest Wald statistic (parameter/SE) selected for inclusion. The remaining variables were then individually Þt to a model containing the Þrst selected variable, and the second variable with the greatest Wald statistic selected and retained. This was repeated until no additional variable had Wald statistic with P Յ 0.05. Results were interpreted graphically (Atkins and Gallop 2007) .
Results
Changes in Predictor Variables. Ambient Temperature. Variation in ambient temperatures among the trials is summarized in Table 1 . Average hourly temperatures ranged from 4.6 to 9.6ЊC, 11.8 Ð14.0ЊC, and 16.6 Ð17.0ЊC during the April, May, and June trials of each year, respectively. Tick attachment was delayed during the April trials of 2008 and 2009 because of the low temperatures; therefore, the bags were left in place for 11 and 6 d, respectively. Temperatures were sufÞciently warm during the remaining trials to ensure sufÞcient attachment, and bags were removed after 4 d. Overall, the proportion of unattached males when bags were removed ranged from 0 to 5.3%, and the proportion of unattached females ranged from 3.3 to 11.3% across trials.
Female Aging. Initial examination of the cumulative proportion of engorged females indicated a systematic bias, with females from the April trials engorging several days later than females from the May and June trials (Fig. 1A) . Differences among the trials were reduced when normalized time was used as the time scale, as this accounted for variation in temperature among trials (Fig. 1B) ; however, engorgement appeared to occur earlier than predicted, likely because of the original equations being based on ambient temperature alone, and not accounting for the warming effects of solar insolation. Satisfactory agreement between observed and predicted cumulative engorgement was obtained when normalized age was adjusted by dividing by 0.82 (Fig. 1C) .
Tick Numbers. Tick numbers on the animals were dynamic during the trials and were well described using the regression models ( Fig. 2; Table 2 ). The parameter estimates for all response variables are shown in Table 2 . The number of males per pair declined following bag removal ( Fig. 2A) as indicated by the signiÞcant negative slope (␤ 1 ; Table 2 ). The rate of decline was similar among pairs treated with different doses of ticks as indicated by the nonsigniÞcant dose ϫ time interaction (F ϭ 0.5; df ϭ 2, 249; P ϭ 0.60); therefore, parameters ␤ 1L and ␤ 1M were not estimated ( Table 2 ). The slope with respect to time was used to calculate an estimated loss rate of 0.24 per day (1 Ϫ exp(Ϫ␤ 1 )). The number of females on the donor animals also declined after bag removal; however, there was a signiÞcant dose ϫ time interaction (Table 2) , indicting the slope with time was not consistent among doses. Females on the animals treated with low and medium doses had slopes 0.11 and 0.05 greater compared with high-dose animals (Fig. 2B) . The slopes from Table 2 were used to calculate loss rates for each dose as 0.30, 0.27, and 0.22 for females on high-, medium-, and low-dose animals, respectively. The number of females on recipient animals declined at a lower rate (0.12) than females on the donor animals (Fig. 2C) .
The differences in loss rates of females on the donor and recipient and donor animals caused ⌬F to increase with time with signiÞcant dose ϫ time interactions (Table 2 ). The variable ⌬F exceeded 1 between days 2Ð3 for the low-dose groups, and between days 8 Ð9 and days 6 Ð7 for the medium-and high-dose groups, respectively (Fig. 2D ). The linear model Þt the data adequately (r 2 ϭ 0.34), although some curvilinearity with respect to time was apparent (Fig. 2D) , especially for the medium and high doses. However, changing to a cubic model increased r 2 slightly to 0.40, and did not appreciably affect the descriptive conclusions.
Frequency of Movement. Movement occurred on 26 of 54 (48%) of the animal pairs. For most pairs, movement was detected on a single day (n ϭ 19); however, Þve animal pairs had movement detected on two occasions, one pair had movement detected on three occasions, and one pair had movement detected on four occasions. Fifteen animal pairs had a total of one tick each that moved; seven pairs had two ticks that moved; and one pair each had three, four, Þve, and six ticks that moved.
The percentage of pairs with movement was greater during 2009 (12 of 18 ϭ 67%) compared with the combined percentage for 2007 (8 of 18 ϭ 44%) and 2008 (6 of 18 ϭ 33%) ( 2 ϭ 3.7; df ϭ 1; P ϭ 0.05). The percentage of pairs with movement during the April trials was 67% (12 of 18) and was greater than the combined 44% (8 of 18) and 33% (6 of 18) pairs with movement during the May and June trials ( 2 ϭ 3.7; df ϭ 1; P ϭ 0.05). The percentage of pairs with movement was similar among doses ( 2 ϭ 1.9; df ϭ 2; P ϭ 0.38) and was 61% (11 of 18), 39% (7 of 18), and 50% (8 of 18) (44%) for pairs challenged with the high, medium, and low doses, respectively.
Observations were made on 12, 15, and 15 sample days during each of 2007, 2008, and 2009 , respectively, for a total of 42 different sampling days. Six animal pairs were examined each sample day. No movement was detected on any animal pair on 45% (19 of 42) of the sample days. Movement was detected on one, two, three, and four pairs of animals on 33% (14 of 42), 14% (6 of 42), 5% (2 of 42), and 2% (1 of 42) of sample days, respectively. Days with movement were more frequent for animals infested with the high dose (15 of 42) compared with the combined medium (7 of 42) and low (8 of 42) doses ( 2 ϭ 4.8; df ϭ 1; P Ͻ 0.05). The percentage of days with movement varied among years ( 2 ϭ 6.6; df ϭ 2; P Ͻ 0.04) and was 58% (7 of 12), 33% (5 of 15), and 73% (11 of 15) during 2007, 2008, and 2009, respectively . Days with movement were most frequent during the April trials (11 of 14 ϭ 79%) compared with the May (8 of 14 ϭ 57%) and June (4 of 14 ϭ 29%) trials ( 2 ϭ 7.0; df ϭ 2; P Ͻ 0.05).
Factors Influencing Movement. Daily Probability of Movement.
The proportion of animal pairs with tick movement averaged (SD) 0.143 (0.167) and ranged from 0.0 to 0.67 across sample days. After adjustment for the length of the sample interval, the daily probability of movement averaged (SD) 0.067 (0.082) and ranged from 0.0 to 0.33. Logistic regression indicated that the daily probability of movement was determined by interactions between DM and ⌬F, DM and 
where T ϭ days since bag removal, X L is a dummy variable that has the value 1 for low-dose animals, 0 otherwise, X M has the value 1 for medium-dose animals, 0 otherwise. NS, nonsigniÞcant. *SigniÞcantly different from 0 at P Յ 0.05.
Age, and Age and temperature (Table 3) . Interactions between two predictor variables indicate that the response to one variable is inßuenced by the level of the second variable. The probability of movement increased with DM, but the rate of increase with respect to DM was inßuenced by age and ⌬F. The increase with respect to DM was lower when the population of females was young and greater when the population of females was older (Fig. 3A) . Similarly, the rate of increase with respect to DM was lower when ⌬F favored the donor animals (low ⌬F) compared with the recipient animals (high ⌬F) (Fig. 3B) . The probability of movement tended to decrease as temperature increased, but this was also modulated by age of the female populations. Movement was more likely to occur if the female population was physiologically older than when younger (Fig. 3C) .
Numbers of Males Moving Per Day.
Movement of a single male was detected on 28 occasions, by two males on six occasions, and by three and four males each on one occasion. In total, 47 of 2700 (1.7%) of the males placed on the donor animal were recovered from the recipient animals; however, this reßects the initial number of males placed on the animals, rather than the populations at the time movement was detected. These were quite dynamic as indicated earlier.
After adjusting for the length of the sampling interval, the average (SD) number of males moving per day was 0.083 (0.228) with a range of 0.0 Ð1.50. The number of males that moved per day was related to ⌬F as a main effect and the relationship was straightforward, as ⌬F acted independently of other variables (Table 3) . Each unit increase in ⌬F resulted in a 47% increase in the predicted rate of movement (Fig. 4A) . The daily rate of movement increased with DM, but the relationship was inßuenced by female age (Fig. 4B) , with the rate of movement greater in the presence of older females compared with younger females. The relationship between daily rate of movement and temperature depended on female age (Fig. 4C) . In the presence of older females, the rate of movement was greater at low temperatures and decreased as temperature increased; however, the rate of movement was lower and relatively constant with respect to temperature in the presence of younger females.
Discussion
Loss of males and females included losses because of mortality and undetected emigration while losses of females also included drop of engorged females. The daily loss rate for females on the recipient animals may have been lower than the loss rate for the low dose donor animals, as the recipient animals did not have males added and would not have had losses because of engorgement and drop. The loss rate for females placed on the donor animals likely increased with dose because the greater tick numbers increased host irritation resulting in great self-licking and grooming by the cattle. Typically, loss of D. andersoni on cattle prevented from grooming is usually Ͻ0.02 per day and only occasionally reaches 0.07 per day (Lysyk 2008 , Lysyk et al. 2009a considerably lower than observed here. However, grooming mortality can be substantial. Hereford calves separated from their mothers lost 19 Ð 69% of D. andersoni over a 5Ð 6-d interval, compared with loss of 92Ð96% by calves not separated from their mothers (Rich 1973 ). The differences were attributed to grooming by the mother. Loss of Rhipicephalus (Boophilus) microplus (Canestrini) was greatly reduced in cattle prevented from self-grooming (Snowball 1956 ). Grooming was also believed to be the major cause of resistance of cattle to Amblyomma hebraeum Koch (Norval et al. 1988) .
Despite Despite these relatively large loss rates, movement occurred in nearly 50% of the animal pairs. This alone suggests that there is considerable potential for transmission of anaplasmosis in western Canada, as a single male tick is capable of transmitting the pathogen (Rozeboom et al. 1940 ). There are relatively few studies to compare results with, as methodology and measure of movement vary among studies. However, studies indicate that inter-host transfer occurs. In total, 71 R. (B.) microplus were recovered from naṏve recipient cattle that had been housed with donor cattle previously infested with 30,000 larvae (Mason and Norval 1981) . Although the numbers moving represented a small (Ͻ0.24%) percentage of the initial population, ticks were recovered from three of seven (42%) naṏve recipient cattle. Stiller et al. (1989) infested each of three donor calves with 450 male D. andersoni, and found that males moved to each of Þve recipients. Approximately 4.9% of the ticks were recovered, and 53% of the males recovered had transferred hosts. This suggests that up to 2.6% of the released ticks transferred hosts, only slightly more than the 1.7% in the current study. Rhipicephalus sanguineus moves even more readily among canine hosts. In two trials, four fourths and three fourths dogs acquired ticks from a different host under group housing (Little et al. 2007 ). Recovery rates after 5Ð7 d were high, ranging from 19 to 34% of the ticks initially placed on the hosts. From 19 Ð35% of recovered ticks had transferred hosts. Both the percentage of animals receiving immigrant ticks and the percentage recovery were greater than in the current study. This may reßect differences in tick and host biology as well as in methodology.
The current study also measured movement in terms of several additional outcomes that were intended to provide Þner levels of detail. The Þrst measure was the daily probability of movement of male ticks from a donor to recipient animal, and is useful for assessing and modeling transmission of anaplasmosis. The number of males that moved per day was derived to provide more detailed information if modeling efforts required. Both measures of movement were inßuenced by the interaction between female age and temperature. Movement was greatest when age was highest and temperature lowest. This likely occurred because as females age, they release a pheromone that causes males to detach and mate (Sonenshine et al. 1974) , resulting in males becoming available to move and possibly change hosts. The negative relationship with temperature may at Þrst seem counterintuitive as arthropod activity typically increases with temperature; however, cattle may huddle together during periods of cold weather (Hahn 1985) . This may have increased contact between donor and recipient cattle, resulting in greater opportunity for ticks to change hosts. The effects of ⌬F, the female differential, are also probably related to pheromone production and mate availability. Once the majority of females on donor animals were replete, males may have responded and moved to the greater number of females on the recipient animals. This agrees with observations on R. sanguineus where dogs that were infested mainly with females received a greater number of immigrant ticks compared with dogs infested with only males (Little et al. 2007 ).
Abundance of males on the donor animals (DM) inßuenced the daily probability of movement and the number of migrating males per day, but the effect was mainly through interactions with age in both cases, and also with ⌬F in the latter case. Movement tended to increase with DM, but the effect was accelerated in the presence of older females on the donor animals and also in the presence of a greater female differential, likely for reasons already discussed.
Overall, these results suggest there are limited barriers to the movement of D. andersoni among cattle under western Canadian conditions. Anaplasmosis, if introduced into areas of Canada where D. andersoni is present, would likely experience natural transmission as recently occurred in areas of Canada where D. variabilis is abundant. Results further suggest that movement is affected by a complex suite of interacting variables. Preventing movement may require more than one approach such as controlling numbers on potential donor animals. It may also require efforts to make recipient animals less attractive by manipulating the tick population on these. Results presented in this study will allow incorporation of movement into tick population models to explore these possibilities.
